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Abstract 
In this work it is quantified to what extent existing water networks can cope with urban and population change developments before 
they fail. For that, the VIBe (Virtual Infrastructure Benchmarking) approach is used in order to create numerous city scale test 
cases (including urban form, water supply and drainage system) with different characteristics. Based on 81 test cases, probabilities 
of failure for different system characteristics are determined. For such an integrated assessment, a key issue is the weighting of the 
different technical performances when identifying stable ranges for the overall performance. Therefore, different weighting 
strategies are tested and compared. 
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1. Introduction 
Industrialized cities typically rely on traditional urban water infrastructure. Due to the long life span of such systems 
and the great asset value, projections for several decades into the future have to be taken into account during the 
planning process. If the actual city growth still excesses the expectations, pressure deficits in supply, flooding and 
environmental problems can occur. In addition, if the expected urban development does not take place, problems arise 
as e.g. deposit problems in the sewer system or water quality issues in the water supply system. A key issue is to find 
flexible and sustainable solutions for urban water systems [1] which can operate on a broad range of boundary 
conditions respectively can easily be adapted to new ones.  
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A combination of centralized and decentralized urban drainage facilities provides such a flexibility [2]. This is an 
interlinked problem [3] as e.g. usually most of the water consumption is directly discharged in the sewer system [4]. 
Therefore, in this work an integrated, coupled assessment of centralized water infrastructure is applied to investigate 
the stability of the existing traditional water networks [5]. Usually, such case study investigations are based on a single 
or few cases and therefore only very case specific results can be obtained from that. In this work, the VIBe (Virtual 
Infrastructure Benchmarking [6]) approach is used in order to create numerous city scale test cases (including urban 
form, water supply and drainage system) with different characteristics (e.g. city sizes). Based on that, statistical 
evaluations can be performed for the described investigations and probabilities of failure for different system 
characteristics can be obtained [7]. In detail, for numerous different sized test cases it is quantified to what extent an 
existing water networks can cope with urban and population developments but also with a transition to decentralized 
measures before they fail (insufficient technical performance). 
The investigations show that the systems can operate sufficiently at a broad range of population growth and decline 
scenarios respectively, also when successively installing decentralized systems for e.g. water supply. However, a 
reduction further than to 40% and increase beyond about 40% pushes the traditional water systems to their limit.  
2. Material and Methods 
2.1. Virtual Infrastructure Benchmarking 
One key method of this study is the VIBe approach [5]. With that approach, numerous city-scale test cases with 
different characteristics can be created automatically for case study analysis. These virtual test cases include all 
relevant data for the urban structure (e.g. topography, land use, population densities, impervious area, etc.) but also 
data for hydraulic modelling of water supply networks and urban drainage networks (Epanet2 and SWMM5 files). 
The modelling procedure of the VIBe approach considers as input parameter ranges and characteristics of real 
world case studies. These parameter ranges can be further extended by a broader bandwidth of physically feasible 
parameter ranges. E.g. for the topography, different types of possible slopes can be tested or also different extents of 
the city. Subsequent, based on these input parameters, possible city layout are automatically generated. With the GIS-
data of the city layouts as input [8], hydraulic water infrastructure models are automatically created based on design 
guidelines [6, 9]. With these numerous case studies, investigations and evaluations can be performed. The advantage 
of applying numerous test cases is that the obtained results are not case specific as usual when evaluating a single 
benchmark model or only a few test cases for an investigation. Further, the results can be evaluated statistically and 
investigated according to different characteristics (e.g. probabilities of failures depending on the size of cities). 
2.2. Systematic Scenario Investigations  
In this study, 81 test cases (80 virtual and 1 real world case studies) are used. The populations of the case studies 
vary between 70,000 and 170,000 inhabitants. For the design of the urban drainage and the water supply model, state-
of-the-art technical guidelines are applied. The drainage and the supply network models are linked spatially referenced 
via the population. A detailed description of the generation procedure and characteristics of the test case set can be 
obtained in [5]. 
For each of the 81 test cases, reduction scenarios and increase scenarios are systematically investigated. The 
reduction scenarios consider a reduction in water demand respectively dry weather flow production up to -90% (in 5 
steps) and the increase scenarios consider population growth (up to +100% in 5 steps) respectively with that connected 
increase of impervious areas. With the initial values this results in 11 change scenarios for each test case which results 
in total in 891 investigated city scale scenarios. These change scenarios are further referred to as different variation 
factors. A detailed description of the different scenarios and the scenario generation can be obtain in [5]. 
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2.3. Performance Assessment 
For performance assessment, three normalized performance indicators (0 indicates insufficient performance and 1 
excellent performance) for urban drainage systems are used. For water supply, 2 normalized performance indicators 
were used (see Table 1).  
One approach to assess the overall performance of a system with the help of several performance indicators can be 
done by weighting each individual indicator and summing up all resulting products to one system indicator. A state-
of-the-art technique to systematically combine several indicators based on the described approach is the Analytic 
Hierarchy Process [10] by creating a prioritization of all indicators (comparing each pair of the system indicators) and 
finally assigning weighting values to each indicator (sum of all weights is equal to one). One shortcoming here is that 
the weighting values are assumptions made by experts (e.g. scientist and stakeholders) and therefore the impact of 
each performance indicator of a system on the overall performance indicator underlies decisions of human beings. 
The weighting values may not be correct or even can intentionally be chosen according to a certain aim to let the 
performance of system look better than it is in reality. 
Table 1. Different used performance indicators. 
Name of normalized 
performance indicator  
description of performance indicator 
UD CSO  urban drainage emissions assessment 
UD flooding  urban drainage flooding assessment 
UD shear stress: urban drainage shear stress assessment 
WDS hydraulic pressure performance in the water distribution network 
WDS quality water ages assessment in the water distribution network 
 
For an integrated assessment, the described five performance indicators are used as basis. Therefore, it is 
investigated how different weightings of the performance indicators impact the general conclusion. In total, four 
different weighting scenarios are tested. The sum of weights of the scenarios is kept constant. The first scenarios (I) 
assumes that all five performance indicators are of same interest and therefore equally weighted. In the second scenario 
(II), a focus on the hydraulic performance is assumed. Therefore, the UD flooding and WDS hydraulic are weighted 
more importantly than the others. As scenario (III), the focus is on operation of the networks. Therefore, the UD shear 
stress and WDS quality are weighted more importantly. The different used weightings are summarized in Table 2. 
The aim of this study is to investigate how the conclusion on the overall performance is impacted by different 
weightings and not to quantify the overall performance. This means that the different scenarios are compared among 
each other. Therefore, as a fourth scenario (IV), the five normalized performance indicators are multiplied with each 
other, making a weighting of the different indicators obsolete.  
Table 2. Different weightings of performance indicators for integrated performance 
Name of performance 
indicator  
scenario I 
(Fig 2a - c) 
scenario II 
(Fig 2d - e) 
scenario III 
(Fig. 2f – h) 
scenario IV 
(Fig. 3 a –c) 
UD CSO  1 1 0.5 (-) 
UD flooding  1 1.5 1 (-) 
UD shear stress: 1 0.5 1.5 (-) 
WDS hydraulic 1 0.5 0.5 (-) 
WDS quality 1 1.5 1.5 (-) 
 
All investigations are composed for three different classes of city sizes. In class 1 (population of 70,000 – 100,000), 
there are 25% of the test cases. In class 2 (population between 100,000 and 140,000) there are 50% of the test cases 
and in class 3 (population between 140,000 and 170,000) there are again 25% of the test cases. 
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3. Results and Discussion 
In Fig. 1, the raw data [5] for the 5 different performance indicators and the 81 test cases are plotted. Additional, 
the results for the three different size-classes are shown (class 1 - 3). The boxplots are the results obtained by the 80 
automatically generated test cases and the red circulars show the results for the used real world case study (population 
of 121,000). On the bottom of each plot (respectively as annotation for each boxplot), the different variation factors 
for growth and decline scenarios are listed.  
 
 
Fig. 1. Integrated results (reprinted from [5]) 
 
In Fig. 2, the results for the integrated performance for the weightings scenarios are shown. In the first row (a) –
(c) the results for the weighting scenario (I) are shown for the different population classes. Likewise, in the second 
row for the weighting scenario (II) and in the third row of Fig. 2 for the weighting scenario (III). 
Due to the used large set of test cases the analyses for the integrated performance can be done statistically. 
Therefore, for the different reduction and increase scenarios (variation factors), the 25%, 50% (red line), 75% and the 
5%, 95% percentiles can be calculated. The black dashed line shows the results obtained with the single real case 
study. In [5] stable ranges for that single case study between 0.4 and 1.6 were assessed. 
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Fig. 2. Integrated results with different parameter weightings 
To compare and systematically analyze these different statistical distributions among each other, a special metric 
is required. For that the 25 percentile for the initial size variation (variation factor = 1.0) is used as start value. In the 
generation, the systems are designed based on this design load. Therefore, the systems are expected to perform 
sufficient for that load. Subsequent, for that obtained integrated performance (variation factor = 1.0 and 25% 
percentile); the value range above this value for the medians (red line) is determined and denoted as “stable range”. 
This evaluation process is visualized in blue color in Fig. 2 and Fig.3 and the obtained results are summarized in Table 
3. 
From Fig.2 it can be observed that systems in class 1 operate stabile on a more narrow range than the systems in 
class 2 and 3. Also the overall performance in class 3 is higher than in the others. Systems in class 1 and 3 only perform 
better compare to class 3, when intensely reducing the population.  
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Fig. 3. Integrated results with multiplication (reprinted from [5]) 
In Fig. 3 the integrated results when multiplying all performance indicators are shown. The overall value of the 
integrated performance indicator is reduced compared to Fig. 2. The aim of the study is only to compare the systems 
for different variation factors among each other. Therefore, the quantitative value is in this context of no interest. 
Table 3. Ranges for integrated performance for different weighting scenarios 
Name of performance 
indicator  
scenario I 
(Fig 2a - c) 
scenario II 
(Fig 2d - e) 
scenario III 
(Fig. 2f – h) 
scenario IV 
(Fig. 3 a –c) 
Integrated performance  
stable range class 1 
0.3 – 1.3 0.1 – 1.1 0.2 – 1.3 0.3 – 1.3 
Integrated performance  
stable range class 2 
0.2 – 1.5 0.1 – 1.4 0.2 – 1.3 0.3 – 1.5 
Integrated performance  
stable range class 3 
0.3 – 1.7 0.2 – 1.4 0.3 – 1.9 0.3 – 1.6 
 
Comparing the results summarized in Table 3 shows that the systems can operate sufficiently at a broad range of 
variation factors (i.e. population growth and decline scenarios respectively also when successively installing 
decentralized systems for e.g. water supply). But a reduction further than to 30% pushed the traditional water systems 
to their limit regardless of the size (i.e. classes). The values for the different weighting scenarios differ marginally but 
especially for the maximum values there are differences. In this study due to the definition of performance indicators 
usually no zero values occur. Further, the sensitivities of the single performance indicators due to the variation factors 
are all monotonically in- or decreasing. Therefore, multiplying the different single performance indicators nevertheless 
gives independent from weightings an objective picture of the behavior. 
4. Conclusions 
In this work, the VIBe (Virtual Infrastructure Benchmarking) approach is used in order to create numerous city 
scale test cases (including urban form, water supply and drainage system) with different characteristics. Based on that, 
statistical evaluations can be performed for investigations and probabilities of failure for different system 
characteristics can be obtained. In detail, for numerous different sized test cases it is quantified to what extent existing 
water networks can cope with urban and population change developments before they fail (insufficient technical 
performance). For an integrated assessment, a key issue is how to aggregate the different technical performances to 
single integrated performance. Therefore, different weighting scenarios are tested to assess the robustness of the 
obtained results.  
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The investigations show that independent from the weightings, the systems can operate sufficiently at a broad range 
of population growth and decline scenarios respectively also when successively installing decentralized systems for 
e.g. water supply. But a reduction further than to 40% and increase beyond about 40% pushed the traditional water 
systems to their limit. The values for the different weighting scenarios differ marginally. As in this study due to the 
definition of performance indicators usually no zero values occur, multiplying the different single performance 
indicators nevertheless gives independent from weightings an objective picture of the behavior. 
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